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Abstract. The excess in extreme-ultraviolet (EUV) ra-
diation and the recently discovered high energy X-ray
(HEX) excess from the Coma cluster may be modeled us-
ing fewer parameters than in a thermal gas scenario, yet
equally satisfactorily, by power law spectra. Their origin
could therefore be inverse-Compton (IC) emission by rel-
ativistic electrons. The scattered background photon field
can either be the cosmic microwave background (CMB) or
the starlight of the elliptical galaxies within the cluster.
For the EUV excess both possibilities are consistent
with the present data. If the EUV excess is due to CMB
scattering, a strongly inhomogeneous magnetized intra-
cluster medium (ICM) is required, in which the density
of the IC scattering relativistic electrons is anticorrelated
with the magnetic field. This could be understood if the
electrons were accelerated during a major merger event
within the last 2 Gyr and cooled afterwards in the in-
homogeneous fields. If the EUV excess is due to scattered
starlight, a population of relativistic, very low energy elec-
trons has to be present, which would have a high energy
density. In order to survive Coulomb losses, these electrons
have to be separated from the dense thermal cluster gas
by confining magnetic fields. Such a second component of
the ICM could be remnant radio plasma left over from the
epoch of violent quasar activity, which did not mix with
the ICM. The observed narrow radial profile of the EUV
excess emission is a natural consequence of this model
due to the narrow profile of the photon distribution. Both
models favor therefore very inhomogeneous magnetic field
and relativistic electron distributions.
The IC models for the HEX excess require implausi-
ble conditions. CMB scattering leads to a mainly unmag-
netized ICM, in contradiction to Faraday rotation mea-
surements. Starlight IC scattering electrons would over-
produce EUV photons due to simultaneously CMB scat-
tering. We propose that the observed HEX excess is due
to bremsstrahlung of a small high energy power-law tail
of the mainly thermal ICM electron distribution. Such a
tail is expected since some degree of turbulence has to be
present within the ICM, which naturally accelerates elec-
trons out of the thermal pool.
Key words: Radiation mechanism: non-thermal – Scat-
tering – Galaxies: clusters: individual: Coma – Galaxies:
intergalactic medium – Galaxies: magnetic fields
1. Introduction
The intra-cluster medium (ICM) of clusters of galaxies is
known to consist of hot gas with temperatures of several
keV. The gas is visible through the X-ray bremsstrahlung
emitted by the hot electrons. Recent measurements in the
spectral range below and above the thermal bulge show
excess emission above what is expected from the thermal.
This could indicate the presence of regions with different
temperatures within the ICM, which could only be present
there if the thermal conductivity is strongly reduced e.g.
by tangled magnetic fields. But the excess emissions could
also trace energetic non-thermal electrons via non-thermal
radiation processes as bremsstrahlung and inverse Comp-
ton (IC) scattering of background photons.
We discuss three different non-thermal processes which
could lead to the extreme ultraviolet (EUV) excess and
the high energy X-ray (HEX) excess and their physical
implications for the conditions within the ICM: In Sec. 2
the possibility that IC scattering of CMB photons is re-
sponsible for the observed excess emissions is examined.
In Sec. 3 we describe a model for anisotropic IC scatter-
ing, as it has to be considered if the excess emissions are
the scattered anisotropic starlight within the cluster. And
in Sec. 4 non-thermal bremsstrahlung is proposed as an
explanation of the HEX excess. In order to keep the dis-
cussion of the various IC processes as clear as possible,
we concentrate on the EUV excess, and explain the con-
sequences of the HEX excess for the different models in
separate subsections. Sec. 5 contains a concise discussion
of our results.
Parameters are estimated for Ho = 50 km s
−1Mpc h50,
and qo = 0.5, so that at the distance of Coma 1
′ ∼=
39 kpch−150 .
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region spectral index norm
arcmin 10−3cm−2 s−1 keV−1
0–3 1.75+0.26
−0.18 1.17
+1.07
−0.58
3–6 1.73+0.31
−0.16 2.12
+1.74
−1.15
6–9 1.73+0.26
−0.16 2.72
+2.10
−1.36
9-12 1.81+0.56
−0.25 1.65
+2.25
−1.16
12–15 1.70+0.43
−0.19 1.62
+1.98
−1.06
15–18 1.69+0.74
−0.22 1.58
+2.65
−1.28
Table 1. Results of the re-modeled EUV and soft X-ray
data by Lieu et al. (1999). For the different angular rings
the differential number index of the photon excess flux
distribution, and the normalization (extrapolated flux at
1 keV) is given.
1.1. EUV Excess
The origin of the EUV excess observed in some clusters
of galaxies (Coma, Virgo, Abell 1795, Abell 2199) is still
under discussion. The first reports of this emission inter-
preted it in terms of a relatively cool component (< keV)
of the hot ICM (Lieu et al. 1996a, 1996b; Bowyer et al.
1996, 1997; Mittaz et al. 1998). Doubts about the emission
from cold gas were given by the nondetection of resonance
lines by Dixon et al. (1996), expected in this case. An al-
ternative explanation by inverse Compton (IC) scattered
background light was proposed (Hwang 1997, Enßlin &
Biermann 1998, Sarazin & Lieu 1998, Bowyer & Bergho¨fer
1998). The reader is referred to Sarazin & Lieu (1998) and
Bowyer & Bergho¨fer (1998) for a broader discussion of the
literature.
Recently, Lieu et al. (1999) re-modeled the soft excess
in Coma with a power-law emission spectrum, and found
satisfactory fits (reduced χ2 between 1.10 and 1.36 for 180
degrees of freedom). Tab. 1 excerpts those aspects of their
results relevant to this paper. The differential number in-
dex of the photon distribution is nearly independent of
radius, so that we use a constant value of 1.75 for compar-
ison with theoretical models. The spatial emission profile
is narrow, and is plotted in Fig. 1 in comparison with the
profile estimated by Bowyer and Bergho¨fer (1998), which
is higher by 50%, and in comparison with the result of the
starlight-IC model described in Sec. 3.
If IC scattering is the process producing the excess, as
will be assumed in this paper, then relativistic electrons
have to be present within the ICM. This is not surpris-
ing, since the Coma cluster is known to contain one of the
largest radio halos (Willson 1970), and has therefore rel-
ativistic electrons in the energy range of (1.2 − 3.6) GeV
(B/(6µG))−1/2, depending on the field strength B. The
energy range of the electrons producing the IC emission
can be estimated from the fact that electrons with momen-
tum Pe scatter the peak of a thermal photon population
to an average energy of < ε >= 43 p
2 2.70 kBT (Blumen-
thal & Gould 1970), where p = Pe/(mec). Scattering of the
CMB into the observed range of 69–400 eV requires there-
Fig. 1. Observed Lex/B excess flux from Bowyer and
Bergho¨fer (1998) (triangles) and Lieu et al. (1999) (di-
amonds). The solid lines are the prediction of the
anisotropic starlight-IC model of Sec. 3 for the two nor-
malizations given there. The dashed lines are scaled pro-
jected electron profiles. The difference between the solid
and dashed lines is due to the central enhancement in
starlight photon density. The theoretical curves would be
lower at larger radii, if the effect of enhanced IC scatter-
ing near galaxies exists as discussed in the Appendix. Note
that the systematic uncertainties in the observed profile
increases with radius due to the difficult data analysis.
fore that the electrons have momentum in the range 140
– 350 MeV/c. Another possibility is that the starlight of
elliptical galaxies is scattered into the observational band
(Enßlin & Biermann 1998). Since the temperature of this
radiation field is roughly 3000 K, required electron mo-
menta are in the range of only 4.4 – 10.6 MeV/c.
If it is possible to decide from physical consideration,
which photon distribution is scattered into the EUV range
and is observed, immediately information is given about a
part of the relativistic electron spectrum below the radio
range. The differential number index of the electron pop-
ulation in the energy range responsible for the emission
has to be αe = 2.5, in order to produce an observed IC
flux with photon differential number index of 1.75.
1.2. HEX excess
Early attempts to measure non-thermal HEX emission
from the Coma cluster gave only upper limits, or incon-
sistent results (see Rephaeli et al. 1994 for upper limits
of the OSSE experiment and for further references). A re-
cent measurement by Fusco-Femiano et al. (1998, 1999)
with the Beppo-SAX satellite detected an excess emission
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Fig. 2. HEX emission of Coma. The data points are
from the Beppo-SAX measurement (Fusco-Femiano et al.
1998, 1999) and the upper limits from OSSE (Rephaeli
et al. 1994). The lines are theoretical spectra, calculated
in Sec. 4. The dashed curve belongs to a thermal electron
distribution, and the solid curve if a non-thermal tail with
number index αe = 2.5 is appended above a momentum
of Pe = 0.5me c (or an kinetic energy of 60 keV).
above 25 keV, consistent with the OSSE upper limits. As-
suming that the excess is due to a second thermal compo-
nent would require a temperature of 40 keV for it (Fusco-
Femiano et al. 1998, 1999), which seems to be implausible.
The HEX spectrum is plotted in Fig. 2 in comparison with
a thermal, and a modified thermal spectrum.
If the HEX is due to IC scattering of CMB photons,
the necessary electrons would be within the energy range
of 2.8–4.9 GeV, and therefore possibly visible at radio fre-
quencies. In order to scatter starlight photons into the
observed energy band, electrons between 84 and 150 MeV
are needed. Fusco-Femiano et al. (1998) report that the
HEX excess can be fitted satisfactorily with a power-law
with photon number index of 0.97–3.45. The HEX excess
flux is 2 · 10−11 erg cm−2 s−1 between 20 and 80 keV, and
within a radius of 1◦. For comparison: An extrapolation
of the EUV spectra (Tab. 1) to higher energies gives an
excess flux between 20–80 keV of 1 · 10−11 erg cm−2 s−1
within a radius of 18’. Since the difference by a factor of
two might be due to the larger field of view in the sec-
ond case, a variation or a systematic error in the spec-
tral indices, or just a systematic effect in the estimate of
the excess emission (e.g. Bowyer & Bergho¨fer (1998) get
a higher EUV excess by 50 %) the agreement suggests a
possible physical connection.
2. CMB-IC
2.1. Difficulties with the radio halo electrons
Hwang (1997) and Enßlin & Biermann (1998) discussed an
inverse Compton model for the EUV excess in which the
CMB photons are scattered by a population of relativistic
electrons, which are the low energy tail of the population
observed in the radio halo of Coma. This model is prob-
lematic for three reasons:
First, the spectral index of the radio emission is 1.16
(excluding some high frequency data point, Bowyer &
Bergho¨fer 1998). Thus, the synchrotron emitting electrons
have a differential number index of αe = 3.32, steeper
than a CMB-IC scattering component with αe = 2.5. This
means that a break has to be present in the electron spec-
trum at lower than radio emitting energies if both com-
ponents belong to the same population. Giovannini et al.
(1993) report a radial spectral index decrease of the radio
halo. The central spectral index is 0.8 and the outer 1.8.
The first corresponds to an electron number index of 2.6,
which would be in good agreement with the required num-
ber index of the EUV producing electrons. Although this
solves the first problem, it increases the difficulties with
the magnetic field estimate as explained below.
Second, Bowyer and Bergho¨fer (1998) pointed out,
that the radial profile of the EUV excess has a full width
half maximum (FWHM) of 15′.8 (19′.3× 12′.6± 1′.5). If the
EUV excess is due to scattered CMB photons, the nec-
essary electrons, which have energies of 140 − 350 MeV,
have a profile with the same FWHM as the excess emis-
sion, whereas the low frequency radio profile has a much
broader profile with a FWHM of ≈ 24′. The strength of
the radio emission, resulting from electrons with energies
of (1.2−3.6) GeV (B/(6µG))−1/2, is a product of the spa-
tial densities of these electrons and B2 (approximately).
Since any reasonable profile of the magnetic fields should
decrease with radius on the scale of a core radius, the spa-
tial profile of these radio electrons has to be even broader
than the radio emission itself, which is broader than the
EUV emission. Thus, the FWHM of the electron popula-
tion has to drop from a value which is considerably larger
than ≈ 24′ at 1 GeV (the radio range) to 15′.8 at 350 MeV
(CMB-IC scattering electrons). In other words, a low en-
ergy electron population which is spatially very differently
distributed compared to the population producing the ra-
dio halo is required (Bowyer & Bergho¨fer 1998).
An extrapolating of the radial dependent radio spec-
tra of Giovannini et al. (1993), would give an electron
population at lower energies, which is less centrally con-
centrated as the radio population, due to the flat central
spectral index. This is even more in conflict with the re-
quired compact spatial distribution of the EUV electrons.
Third, matching the distribution of the CMB scat-
tering electrons to that of the radio emitting ones, in the
sense that both populations belong to the same power
law, requires that the central magnetic field strength in
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the ICM is ≈ 1µG, otherwise the total number of rela-
tivistic electrons would be too small in order to produce
the EUV excess flux (Enßlin & Biermann 1998, Bowyer &
Bergho¨fer 1998, see also Hwang 1997, who derives a vol-
ume averaged field strength of 0.4 µG). Since a spectral
break is necessary between the regions of different spectral
indices of radio- and IC-electron population, the allowed
magnetic field strength is even lower than 1 µG.
The magnetic fields of the ICM can be independently
measured by Faraday rotation of linear polarized radio
emission traversing the ICM. The main uncertainty of this
method is the underlying magnetic field reversal scale.
A scale of 10 kpch−150 gives a central field strength of
1.7±0.9µGh1/250 (Kim et al. 1990). But high resolution de-
polarization measurements indicate that the reversal scale
is 1 kpch−150 or below, leading to a ICM field strength of at
least 6± 1µGh1/250 (Feretti et al. 1995, but also predicted
by Crusius-Wa¨tzel et al. 1990). The field strength seems
therefore to be higher than allowed by this IC model. The
discrepancy between the field strength from Faraday ro-
tation measurements and that from the synchrotron/IC
ratio is solved,
(a) if there is a sharp step in the electron spectrum be-
tween the IC emitting electrons (140–350 MeV), and
the radio emitting electrons (above 1 GeV), or
(b) if the medium is inhomogeneously magnetized on a
small scale compared to the observational spatial res-
olution, and there is a strong anticorrelation between
magnetic field strength and density of relativistic elec-
trons – as Enßlin & Biermann (1998) proposed.
We demonstrate in the following, that for an electron
population cooling in an inhomogeneously magnetized
medium both are the case.
2.2. Merger events as a source of relativistic electrons
Such a population of electrons could initially be produced
by shock acceleration during an energetic merger event
in the past of Coma. Several such events should have
happened, and there is evidence for recent and on-going
events: Burns et al. (1995) propose that the X-ray emitting
blob south-west of the center of Coma is due to the ascend-
ing motion of a group of galaxies around NGC 4839, which
had a core passage 2 Gyr ago. Using kinematical consid-
erations Colless & Dunn (1996) argue that this group is
most probably infalling, therefore being in a pre- instead
of post-merger stadium. Nevertheless these authors and
others (Biviano et al. 1996, Vikhlinin et al. 1997, Don-
nelly et al. 1998) find apparent evidence for on-going or
recent merger events in the cluster core from the galaxy
velocity distribution and X-ray substructure. The time of
injection of a relativistic electron population is expected
to be during the presence of a strong shock wave in the
ICM. Therefore an acceleration of a relativistic electron
population within the last 2 Gyr is reasonable.
Synchrotron and inverse Compton cooling would lead
to a cutoff in this distribution which evolves with time
from higher to lower energies and would have reached 300
MeV after less than 1 Gyr for a magnetic field strength
of 6µG. After 1.5 Gyr it would be below 150 MeV (see
Fig. 3). The injection of electrons which currently scatter
the CMB into the EUV range should have happened less
than 1 Gyr ago if the magnetic fields are homogeneous at
6µG. But for inhomogeneous fields, and for an injection
age of up to 2 Gyr sufficient electrons are still in this
energy range, as will be demonstrated in the next section.
2.3. Cooling electrons in an inhomogeneous medium
A relativistic electron with dimensionless momentum p =
Pe/(me c) loses energy/momentum (Kardashev 1962) in
the ICM at a rate of
− dp
dt
= aC + abp+ asp
2. (1)
The coeffi-
cient aC, ab, and as for Coulomb, bremsstrahlung, and
synchrotron/IC losses are (Rephaeli 1979, Blumenthal &
Gould 1970)
aC =
3
2
σT c ne
(
ln
mec
2p1/2
h¯ωp
+ 0.22
)
, (2)
ab =
3α
pi
σT c ne
(
ln 2p− 1
3
)
, (3)
as =
4
3
σT c
εB + εcmb
mec2
, (4)
where the electron density of the background gas is ne,
εB is the magnetic field and εcmb the CMB photon en-
ergy density. The plasma frequency is ωp =
√
4pie2ne/me
and α is the fine-structure constant. aC and ab depend
weakly on p, which we neglect in the following by insert-
ing a typical value of p = 103 into the logarithms. We also
use a density of ne = 3 · 10−3 cm−3 h1/250 (Briel et al. 1992)
for the plasma frequency and in our following examples.
Only a small error is introduced by using the constant p
within the logarithms, but it allows an analytical calcula-
tion of the time dependent electron distribution. Further
we assumed sufficiently fast pitch angle scattering of the
electrons, so that the distribution can always be assumed
to be isotropic, and Eq. 4 holds. The time needed to cool
from p0 to p1 is given by an integration of Eq. 1
tcool(p0, p1) =
1
asp∗
[
arctan(
ab
2asp∗
+
p0
p∗
)−
arctan(
ab
2asp∗
+
p1
p∗
)
]
, (5)
with
p∗ =
√
4asaC − a2b
2as
, (6)
so that any electron loses all its energy in a time shorter
than
tcool(∞, 0) =
1
asp∗
(
pi
2
− arctan( ab
2asp∗
)
)
. (7)
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Fig. 3. Cooling electrons in a homogeneous magnetic field of 6 µG (left) and in inhomogeneous fields with mean field
strength of 6 µG (right) (f˜e(p, t) dp). In the latter case the average electron population is shown, averaged over the
populations at different field strengths. The initial electron spectrum has a differential number index of 2 and is the
highest curve. Plotted below this are electron populations after 0.5, 1, 1.5, 2, 2.5, and 3 Gyr of cooling. The energy
ranges mainly responsible for the EUV excess emission by scattering of CMB photons and for radio emission are
indicated. The different radio ranges result from different magnetic field strength distributions in these models. In the
inhomogeneous model, the radio range has to be used with care, since the shown electron distribution is integrated
over all regions with different field strength, but the radio range is shown for a field strength of 12µG.
This is 3 Gyr for a field strength of 6 µG and a gas electron
density of ne = 3 · 10−3 cm−3. An electron with p1 at the
time t, had the initial momentum
p0(p1, t) = p∗ tan
(
asp∗t+ arctan(
ab
2asp∗
+
p1
p∗
)
)
− ab
2as
.(8)
Thus, a population of relativistic electrons fe,0(p0) dp0
which was injected at t = 0 into the ICM and which cooled
afterwards without any additional acceleration has a time
dependent distribution function, which is simply given by
a transformation of the initial distribution under the map-
ping p0 → p1
fe(p1, t) = fe,0(p0(p1, t))
dp0(p1, t)
dp1
(9)
as long as t ≤ tcool(∞, p1), otherwise fe(p1, t) = 0.
In an inhomogeneously magnetized medium the spec-
trum of the cooling electrons becomes a function of posi-
tion even in the case the initial spectrum was homogeneous
due to the spatial dependence of the cooling. We suppose
that there is no significant exchange of electrons between
the different magnetized regions. This is a necessary con-
dition in order to establish the required anticorrelation of
magnetic fields and the electron population. It is also rea-
sonable if the origin of the magnetic fields was injection
by radio galaxies (Daly & Loeb 1990; Enßlin et al. 1997,
1998) or by galactic winds (Kronberg et al. 1999, but see
also Vo¨lk et al. 1996 and Vo¨lk & Atoyan (1998) for the
amount of non-thermal energy injected by galactic winds),
since then the topology of the fields can be expected to
be closed. Electrons have to diffuse perpendicular to the
field lines in order to reach a region with different field
strength, which is a very slow process. In case of in-situ
generated fields an inhomogeneous medium is also possible
as the sun probably demonstrates.
Assuming a distribution of field strength fB(B) dB
within a volume, which is sufficiently large compared to
typical sizes of the magnetized regions, but small enough
to be spatially unresolved by the current observations, we
get a volume averaged electron population
f˜e(p, t) =
∫
dB fe(p, t, B) (10)
where we wrote fe(p, t, B) instead of fe(p, t) in order to
show explicitly the dependence of the local electron popu-
lation on the local field strength. This averaged population
is directly seen by the IC flux. Fig. 3 shows the volume
averaged distribution function f˜e(p, t) for an injected dis-
tribution
fe,0(p) = Ce p
−2, with Ce = 10
6, (11)
as one would expect after particle acceleration due to a
strong shock wave in the ICM of a cluster merger event.
We assume a normalized distribution of magnetic fields
fB(B) = 1/Bmax; for 0µG < B < Bmax = 12µG, (12)
and fB(B) = 0 otherwise. This choice is arbitrary, but
demonstrates well the effects we want to discuss. It leads
to an averaged field strength of 6µG consistent with Fara-
day rotation measurements. The electron population in a
homogeneous field
fB(B) = δ(B − 6µG) (13)
is also shown in Fig. 3 for comparison.
The synchrotron emissivity at a given frequency ν of an
isotropic distribution of electrons in a randomly oriented
distribution of magnetic fields is
εν(t) = c3
∫
dBfB(B)B
∫
dpfe(p, t, B)F˜ (ν/νc), (14)
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Fig. 4. Synchrotron emission of electron populations shown in Fig. 3 at an age of 0, 0.5, 1, 1.5, 2, 2.5, and 3 Gyr in
units of c3 µG= 1.87 · 10−29 erg s−1 Hz−1.
where c3 =
√
3e3/(4pimec
2), νc(p,B) = 3eBp
2/(4pimec),
and the angle averaged dimensionless spectral emissivity
of a monoenergetic isotropic electron distribution (Crusius
& Schlickeiser 1986) is
F˜ (x) =
pi x
2
(
W0, 4
3
(x)W0, 1
3
(x) −W 1
2
, 5
6
(x)W− 1
2
, 5
6
(x)
)
,(15)
withWλ,µ(x) denoting Whittaker’s function (Abramowitz
& Stegun 1965). F˜ (x) can be approximated to an accuracy
of a few percent by
F˜ (x) ≈ 2
2/3
Γ(11/6)
(pi
3
)3/2
x1/3 exp
(
−11
8
x7/8
)
, (16)
which is faster to evaluate numerically. Fig. 4 shows the
synchrotron emission of a cooling population of electrons
in the two models given above.
The important result of this simple inhomogeneous
model is that the electron population in the weak field
regions is still present in the energy range of 140 – 350
MeV after 2 Gyr of cooling, so that it can produce the
EUV excess by IC scattering of CMB photons. But syn-
chrotron/IC cooling produces a sharp cutoff at higher en-
ergies, so that for any given normalization of the electron
population no observable radio emission remains. In the
case of homogeneous fields a considerable amount of fine
tuning of the time point of injection is necessary in or-
der to allow a large electron population in the 140 – 350
MeV range, without overproducing low frequency radio
emission, and therefore violating the observational con-
straints. As long as the magnetic fields are not lower than
6µG, the cooling time has to be near 0.6 Gyr, otherwise
either the cutoff is lower than 400 MeV, or the electrons
are visible in the radio.
An electron differential number index of 2.5 for the
EUV producing energy range can easily be matched
for sufficiently flat injection spectra. Unfortunately, the
present day differential number index depends not only on
the injection index and the cooling time, but also sensi-
tively on the distribution of field strength. For the uniform
distribution of field strength assumed above an injection
index of 2.15 would lead to a present day index of ≈ 2.5 in
this energy range. If the field distribution is more strongly
weighted to lower field strength, a steeper injection spec-
tral index would be required, and if fewer low magnetic
field regions exist a flatter one. With our poor present
day knowledge about the distribution of field strengths it
is therefore impossible to derive the injection spectrum.
The energy density of the relativistic electrons in the
inhomogeneous model above after 2 Gyr is nearly two or-
ders of magnitude smaller than the injected energy den-
sity, assuming that the injected spectrum extends from
Pe = 1 MeV/c to 10
4 MeV/c, and the injection differential
number index is 2.15. This energy loss depends strongly
on the assumed distribution of fields: if more weak field
regions are present the energy loss is much less dramatic.
And since the present day population of EUV excess pro-
ducing electrons has an energy density which is a factor
of a few hundred below the thermal energy density (see
Fig. 5. in Bowyer & Bergho¨fer 1998), an injection energy
density considerably lower than the present thermal en-
ergy density would be sufficient to explain the present day
EUV excess.
The effects of radius dependent electron and magnetic
field distributions can in principle be treated with a similar
formalism, where the volume average is then over elon-
gated beams along the line of sight. Instead of giving a
detailed model, which would rely on even more assump-
tions, we briefly discuss the qualitative behaviour. The
magnetic fields strength and the injected electron energy
density should decrease with radius. Due to the higher
fraction of strong field regions in the center, one would ex-
pect a stronger cooling of the electrons there, and therefore
a lack of energetic electrons there after a typical cooling
time. But the fate of the low energy electrons, necessary
for the CMB-IC EUV production, is mainly determined
by the volume fraction of the low field strength regions. If
e.g. their volume fraction is constant with cluster radius
(but the field strength of the strongly magnetized region
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is still varying with radius), then these electrons are still
numerous in the cluster center.
2.4. In-situ accelerated electrons
Another possible origin of an electron population seen by
CMB-IC is in-situ acceleration by plasma waves. A strong
wave field can be expected if there is an on-going merger
event in the center of Coma, as several authors (Colless &
Dunn 1996, Biviano et al. 1996, Vikhlinin et al. 1997, Don-
nelly et al. 1998) report. The electron spectrum produced
can be approximated by
fe(p)dp = Ce p
−αe exp(− p
pc
) dp (17)
(Schlickeiser 1984), where the cutoff
pc =
v2A
9asκ
∼ B
2+δκ
B2 + 8piεcmb
(18)
depends on the ratio of acceleration time scale to syn-
chrotron/IC cooling time. vA is the Alfve´n velocity and
κ ∼ B−δκ the spatial diffusion coefficient (0 ≤ δκ ≤ 1).
The cutoff pc is a monotonically increasing function of the
magnetic field strength, which implies that in the case of
inhomogeneous fields the in-situ accelerated electron pop-
ulation reaches highest energies in the regions of strongest
field strength. This is also supported by the more compli-
cated dependence of αe on the magnetic field strength:
stronger fields result in harder spectra. The property of
spatial anticorrelation between electron and magnetic field
distributions, allowing a high number of radio quiet, low
energy electrons, can therefore not be achieved within an
in-situ acceleration model. In the case of inhomogeneous
fields the in-situ acceleration model is more constrained
than in the homogeneous case, due to the correlation of
in-situ accelerated electrons and magnetic fields. But even
for homogeneous fields the optimal parameters αe = 1,
pc = 280, which lead to an electron differential number
index of 2.5 between 150 and 300 MeV/c, and which are
still allowed by the theory of in-situ acceleration developed
by Schlickeiser (1984), lead to an overproduction of syn-
chrotron emission above 100 MHz for a field strength of 6
µG compared to the observations. The reason for this is
the relative softness of the exponential cutoff of the elec-
tron population and the extended spectral width of the
synchrotron emission.
We conclude that on-going in-situ acceleration is very
unlikely the origin of a CMB-IC scattering electron pop-
ulation producing the EUV excess. This is astonishing in
the light of evidence for merging activity in the cluster’s
center. It indicates that if merger events are responsible for
the acceleration of energetic electrons, this happens only
during the early phase of the merger, probably during the
first shock-crossing time.
2.5. Remaining difficulties of CMB-IC-EUV
The difficulty of a CMB-IC model for the EUV excess
of Coma with the discrepancy between magnetic field
strength observed by Faraday rotation, and the estimate
using the IC- and synchrotron emission, can be overcome
in a model where electrons cool in an inhomogeneous mag-
netic field. The narrow spatial emission profile is more dif-
ficult to understand within such a model, since one would
expect a more extended electron distribution, in particu-
lar since the central electrons should cool faster than the
peripheral ones. In order to decide, if this model is realis-
tic or not, detailed simulations of the spatial distribution
of electron acceleration during a merger core passage are
required.
2.6. Difficulties of CMB-IC-HEX
Since the EUV and HEX excess fit roughly into a sin-
gle power-law the HEX excess might also be produced
by CMB IC scattering. The necessary electrons should
be close to or within the energy range visible in the radio
and therefore both populations have to be at least similar.
Their cooling time due to synchrotron/IC losses is of the
order of 108 years, so that continuous acceleration or very
recent injection into this energy range is necessary. The ob-
served HEX emission determines the number of electrons
in the radio energy range, if one assumes the radio index
also to be valid for the HEX producing electrons. In order
to be in agreement with the observed synchrotron emis-
sion, the volume averaged magnetic fields strength has to
be 0.16 µG (Fusco-Femiano et al. 1998, 1999), comparable
to 0.4 µG given by Hwang (1997) for the EUV emission,
which is energetically more distant to the radio range.
The central magnetic field strength is roughly a factor of
3 higher, leading to ≈ 0.5µG, which seems to be too low
in order to be consistent with the Faraday measurements
of 6µGh
1/2
50 .
Also for this 3–5 GeV electron population one might
ask if (a) a sharp step in the electron spectrum, and (b)
an inhomogeneous magnetized medium might resolve this
discrepancy. The ICM needs to consist mainly out of re-
gions with very weak fields (only a few 0.1µG) containing
the CMB IC scattering electrons, which are invisible in
the radio due to the weak fields. But highly magnetized
regions have to exist (maybe 10µG or more), in order to
explain the Faraday rotation, which need to contain only
few 3–5 GeV electrons. If the difference in electron con-
tent of these regions was established by different cooling
the time of injection had to be a few 0.1 Gyr in order to
allow the several GeV electrons in the weak field regions
still to be present, but those electrons living in the high
field regions to have cooled to energies invisible in the ra-
dio. Both required conditions – (1) weakly and strongly
magnetized regions, but no intermediate µG regions, and
(2) the recently and necessarily fine tuned injection time –
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let this model appear unsatisfactory. We conclude, that IC
scattering of CMB photons as an explanation of the HEX
excess seems to be implausible, unless there is something
fundamental wrong with the Faraday rotation magnetic
field estimates.
3. Starlight-IC
We propose a second model for the origin of the EUV
photons, which has neither of the difficulties mentioned in
Sec. 2.1: Inverse Compton scattering of starlight photons
by very low energy relativistic electrons. This possibility
was first mentioned by Enßlin and Biermann (1998), and
used as a restriction on Coma’s electron content in the
energy range of a few MeV. The first, and third difficulties
mentioned in Sec. 2.1 do not arise, since these electrons
are energetically far away from the radio emitting range.
The second one is also solved within this model, since
in this case not only the electron population is centrally
peaked, but also the target photon distribution, so that
the emission profile can be narrower than the projected
electron profile. For CMB-IC both profiles are the same
since the CMB is uniform.
The cooling of electrons with a few MeV within the
ICM is dominated by Coulomb losses and is so strong
(cooling times ≤ 0.1 Gyr),
(a) that it has to be compensated by efficient in-situ ac-
celeration, or
(b) that Coulomb losses have to be suppressed due to con-
fining magnetic fields which contain the relativistic
electrons, but not the dense thermal gas.
The latter might look a little bit artificial on a first view,
but since a huge amount of relativistic plasma was injected
into the ICM by radio galaxies in earlier epochs (Enßlin
et al. 1997, 1998), a substantial part of this plasma might
still be there as an unmixed, separate, nearly invisible,
and non-thermal component of the ICM.
3.1. Anisotropic inverse Compton scattering
For a given spherical symmetric, radial source function
qph(r) of light emitted by galaxies, the photon density
per volume and solid angle as a function of radius r and
µ = cos θ, the cosine of the angle between radial direction
and photon direction, is given by a line integral backwards,
over the line where these photons were emitted:
nph(r, µ) =
1
4pic
∫ smax
0
ds qph(
√
r2 + s2 − 2rsµ) (19)
The maximal distance
smax = µr +
√
R2cl − r2(1 − µ2) (20)
is determined by the boundary of the cluster, which we as-
sume to be Rcl = 5 Mpch
−1
50 . The radial emission profile is
that of the galaxy distribution qph(r) ∼ (1+(r/rG)2)−αG ,
with αG = 0.8 and rG = 160 kpch
−1
50 (Girardi et al. 1995),
which we use up to a radius of Rcl. The normalization
can be obtained by comparison with the observed central
luminosity of elliptical galaxies in Coma, which we esti-
mate by an integration of the R-band luminosity function
of Secker & Harris (1996). We assume that this radia-
tion has a blackbody spectrum with a typical tempera-
ture of 3000 K, and therefore use a bolometric correction
of mR −mbol = 1.3 (Webbink & Jeffers 1969). We get a
central luminosity of 9.3 ·1012 L⊙Mpc−3 h50. Not included
in this is the contribution of the two central giant ellip-
tical galaxies NGC 4874 and NGC 4889. Their emission
profile is of course not spherically symmetric with respect
to the cluster center. Nevertheless we approximate their
emission of 6.2 · 1011 L⊙ h−250 (Strom & Strom 1978) to be
homogeneously smeared out within a spherical shell be-
tween the radii of 100 and 200 kpch−150 , since the present
day EUV observations are not spatially resolved enough
in order to justify the much higher computational effort a
3-dimensional model would require.
The distribution function of relativistic, low energy
electrons is assumed to have spherical symmetry centered
on the optical center of the cluster:
fe(p, r) dp = Ce(r) g(p) dp =
Ce,o p
−αe dp
(1 + (r/rcore)2)
3
2
β
, (21)
with Ce,o = 10
−3cm−3 h50, which gives the right amount
of IC photons estimated by Lieu et al. (1999), or Ce,o =
1.5 · 10−3cm−3 h50 in order to reproduce the EUV profile
of Bowyer & Bergho¨fer (1998), which is higher by 50% but
has a similar slope. Further we use αe = 2.5, rcore = 400
kpc, and β = 0.75, which are also the core radius and
β-parameter of the background gas density (Briel et al.
1992). Such a profile1 would be too narrow for the radio
emitting electrons, but too wide for CMB-IC scattering
electrons. But the profile of the very low energy starlight-
IC electrons, which – together with the enclosing magnetic
fields – would form a second component of the ICM, might
be more similar to the global ICM gas profile than to that
of the high energy radio electrons. On a small scale, we
assume the gas and this non-thermal component to be
separated.
The production density of IC scattered photons with
energy higher than Eph is
qICph(r, µ,> Eph) =
∫ 2pi
0
dφ′
∫ 1
−1
dµ′ Ce(r)nph(r, µ
′)×
σ(µ′, φ′, µ) c F (> Eph), (22)
where φ′ is the azimuth angle between the direction of the
incident photon and the radial direction. The dependence
on the azimuth angle φ of the scattered photon can be
neglected due to symmetry. The anisotropic cross section
of IC scattering by an isotropic power law distribution
1 A gaussian profile ∼ exp(−r2/(700kpch−150 )
2), which is
wider than the observed low frequency radio halo, and would be
therefore a possible profile for the radio electrons, gives reason-
able starlight-IC profiles, especially if one considers the grow-
ing systematic observational uncertainties with radius, and the
possible central enhancement discussed in the Appendix.
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Fig. 5. Slice through the center of the Coma cluster. The
emissivity into the direction of the observer, who is lo-
cated downwards, is shown in units of 10−21 photons
cm−3 s−1 h50 within the energy band 69–400 eV, and with
the normalization needed to fit the data of Lieu et al.
(1999). The coordinates are given in kpch−150 . The emission
profile is not spherically symmetric due to the anisotropic
efficiency of IC scattering by a steep electrum spectrum
with different scattering angle.
of electrons was derived by Brunetti et al. (1997). The
anisotropy of the scattered photon field is mainly due to
the fact, that for fixed initial and final (observed) pho-
ton energies the necessary electron energy depends on the
scattering angle. Thus, for small-angle scattering a higher
electron energy is necessary, which reduces the total num-
ber of scattering events due to the steepness of the electron
spectrum. We use a crude approximation of the compli-
cated expression given in Brunetti et al. (1997), which
is sufficiently accurate for our purpose, especially for an
electron number index of 3. This is close enough to the
expected 2.5 so that the average deviation is less than 10
%:
σ(µ′, φ′, µ) =
3
4
(µ˜(µ′, φ′, µ)− 1)2σT. (23)
The cosine of the angle between incident and scattered
photon is
µ˜(µ′, φ′, µ) = cosφ′
√
1− µ′2
√
1− µ2 + µ′µ. (24)
The spectral slope is given by the standard formula
F (> Eph) =
fIC(αe)
nbb(kBT )
(
kBT
hc
)3(
Eph
kBT
)−αe−1
2
(25)
fIC(αe) =
3pi2αe+4(α2e + 4αe + 11)
(αe + 3)2(αe + 5)(α2e − 1)
Γ
(
αe+5
2
)
ζ
(
αe+5
2
)
(Blumenthal & Gould 1970), where ζ denotes Riemann’s
Zeta function, and nbb(kBT ) is the thermal number den-
sity of photons in a blackbody cavity with temperature
kBT , introduced here for the proper normalization of the
photon production rate. Fig. 5 shows a slice through the
cluster center of the emission in the direction of the ob-
server.
The observed scattered photon profile is the line of
sight integration over the scattered photons
Fobs(R,> Eph) =
∫
dz qICph(r(R, z), µ(R, z), > Eph), (26)
with r(R, z) =
√
R2 + z2, and µ(R, z) = −z/r(R, z). The
radius R in this formula can be translated via 1′ ∼= 39 kpc
h−150 . We note that this anisotropic, line of sight integrated
flux profile differs to one calculated assuming IC scatter-
ing to be isotropic. But our calculation shows that this
difference is small.
Correcting for the spectral sensitivity of the Lexan-
Boron filter of the Deep Survey Telescope of the EUV
Explorer and the effect of Galactic absorption for NH =
8.7 · 1019cm−2 (Lieu et al. 1996a), gives the theoretical
predicted count rate, which is shown in Fig. 1 in compar-
ison to the observed profiles and the slope of the assumed
electron profile.
The IR-flux, produced by these electrons scattering
the CMB photons, would be distributed as broad as the
dashed lines in Fig. 1, and and would be far below the
present day limit on diffuse IR emission from Coma, as
can be seen in Fig. 1 or Tab. 1 in Enßlin & Biermann
(1998).
3.2. Energy density
The kinetic energy density of the assumed relativistic elec-
tron population (Ce,o = 10
−3 cm−3 h50, Eq. 21) in the
range of Pe = 4.4− 10.6 MeV/c is 1.8 · 10−10 erg cm−3 h50
at the center of the cluster. This is more than the cen-
tral thermal gas energy density of 1.2 ·10−10 erg cm−3 h1/250
(Briel et al. 1992). The ratio of the relativistic to thermal
pressure is 0.8 h
1/2
50 due to the smaller adiabatic index of
the relativistic population. This seems to be very high,
since one expects a similar pressure in confining magnetic
fields and maybe in relativistic protons, which would be
located at energies around 1 GeV due to their higher rest
mass. Also the lower cutoff could be at a lower energy,
which would increase the non-thermal energy density, too.
If the low energy electrons are in-situ accelerated the en-
ergy density in turbulence has to be close to equipartition
with the thermal energy density, as well. Although this is
not ruled out, it looks very unlikely. The required amount
of relativistic electrons could be lowered if
(a) important sources of optical photons were omitted.
This could be e.g. a population of intra-cluster stars,
tidally stripped from galaxies (Gregg & West 1998).
Their light is not included in the luminosity function
used. But the total emission of such stars is limited
to be 25–30% of the total light from the cluster (Mel-
nick et al. 1977, Thuan & Kormendy 1977). Thus the
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required relativistic electron energy density could be
lowered only by up to 25–30%.
(b) One might ask, if also IR- or UV-radiation fields of
galaxies might give important contributions to the
EUV flux. For an electron distribution with a single
differential number index αe = 2.5, the contribution
of a specific target population of photons with num-
ber density nph, and photon energy Eph to the (fixed)
observation band scales linearly with E
(αe−1)/2
ph nph ∼
E0.75ph nph. Since the IR-, and UV- radiation fields have
much lower energy densities than the optical photons,
their contribution can be neglected.
(c) The required energy can be strongly lowered if the cor-
relation between electron density and starlight photon
density is not only valid on a global cluster scale, as
used in the above model, but also holds on the scale of
individual galaxies, as should be demonstrated in the
scenario described in the Appendix.
3.3. Difficulties of starlight-IC-HEX
Scattering of starlight into the HEX region in order to ex-
plain the observed excess needs a normalization constant
of Ce,o = 2 · 10−4 cm−3 h50 for αe = 2.5 and the β-model
assumed above. Since the energy range of these electrons
(84–150 MeV) overlaps with that of CMB-IC-EUV scat-
tering electrons (140–350 MeV) both populations have to
match. But the produced EUV emission would exceed the
observed EUV excess by a factor of roughly 20. Unless
starlight-IC enhancement (see Appendix) by a factor of
20 exists – which does not seem to be very likely – the
starlight-IC model as the mechanism producing the HEX
excess is ruled out.
4. HEX bremsstrahlung
The HEX-excesses is emission above what is expected for a
thermal electron population. But the assumption of an ex-
act thermal equilibrium might be questioned, since turbu-
lence is present within clusters due to the stirring motion
of galaxies, infalling subclumps, injection of radio lobes
into the ICM, and streaming motion of the ICM itself,
e.g. in cooling flows. This turbulence drags electrons out
of the thermal tail, whenever they get into resonance with
plasma waves, and accelerate them to higher energies. This
leads to a modification of the distribution function so that
the high energy cutoff of a thermal distribution is replaced
by some power-law like region.
Further, since it is known from the radio halo that a
relativistic population of electrons exists, there could be a
spectral connection between relativistic and thermal pop-
ulations: the electrons cooling from relativistic energies
into the thermal population can add a power-law tail to
the thermal distribution.
Therefore it is reasonable to explain the measured
HEX emission with a modified thermal distribution func-
tion of the electrons. The EUV emission, which is ener-
getically below the thermal bulge, can of course not be
explained in this way.
The thermal electron distribution with temperature
kBT = 8.21 keV (Hughes et al. 1993) can be written as
a trans-relativistic Maxwell-Boltzmann distribution in the
dimensionless momentum p = Pe/(mec)
fe,th(r, p) dp =
ne,th(r)βth
K2(βth)
p2 exp(−βth
√
1 + p2) dp, (27)
with Kν denoting the modified Bessel function of the sec-
ond kind (Abramowitz & Stegun 1965), introduced here
for proper normalization, βth = me c
2/kBT the normal-
ized thermal beta parameter, and
ne,th(r) = ne,o (1 + (r/rc)
2)−
3
2
β (28)
the number density of thermal electrons, parametrized
with the usual β-profile: ne,o = 2.89 · 10−3 cm−3 h1/250 ,
β = 0.75, and rc = 400 kpch
−1
50 (Briel et al. 1992). We
add a power-law tail to this by writing
fe(r, p) dp =
{
fe,th(r, p); p ≤ p∗
Ce(r)p
−αe ; p > p∗
}
dp, (29)
where the normalization parameter is determined from the
condition of a smooth matching of the non- and thermal
part to be Ce(r) = p
αe
∗ fe,th(r, p∗).
Assuming for illustration a number index of αe = 2.5,
and choosing p∗ = 1/2, which corresponds to a kinetic
energy of E∗ = 60 keV, thus far above the typical ther-
mal energy of 8 keV, gives Ce(r) = 1.08 · 10−2 ne,th(r), or
Ce(0) = 3.13 · 10−5 cm−3 h1/250 . This implies, that the total
number in electrons is only increased by less than 1.8 %,
even if the power law is extended to infinity. The kinetic
energy density increases by less than 80 %, or by only
12 % if a higher cutoff is introduced at p = 1, which cor-
responds to a kinetic energy of 210 keV, sufficiently high
in order to produce the observed emission up to 80 keV.
The bremsstrahlung emissivity spectrum is calculated
via
qX(r, k) dk = ne(r)
∫ ∞
0
dp fe(r, p) v(p)σX(p, k) dk, (30)
where k is the photon momentum in units ofme c, v(p) the
electron’s velocity, and σX(p, k) dk is the bremsstrahlung
cross-section. We use the transrelativistic interpolation
formula, and the Elwert factor given in Haug (1997) for
a hydrogen plasma. Integrating this over the emission
volume within 1◦ radius (or using the central emissivity
times an emission weighted volume of 0.36Mpc3 h−350 ), and
redshifting the spectrum, gives the observed flux, which
agrees well with the observed one, as can be seen in Fig. 2.
The above assumed parameter α = 2.5 and p∗ = 1/2
(corresponding to E∗ = 60 keV) reproduce the Beppo-
SAX and OSSE data with a χ2red of 1.6. A systematic χ
2
red
estimate is shown in Fig. 6. The absolute minimum is at
α = 2.9, and E∗ = 62.5 keV with χ
2
red = 0.86. The length
of the χ2red valley in Fig. 6 indicates that the necessary
modification of the thermal distribution is not strongly
constrained. Thus a very steep power-law tail, which has
a low energy content, explains the HEX excess well. Such a
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Fig. 6. χ2red for the bremsstrahlungs model described in
the text plotted for E∗ the matching energy of the power-
law and thermal electrons, and α the spectral index of the
former. The OSSE and Beppo-Sax data is used simulta-
neously.
spectrum can be expected, if in-situ acceleration produces
this tail by accelerating thermal electrons against the fast
Coulomb cooling, which has a cooling time of tC ≈ 105
yr for 60 - 100 keV electrons (Spitzer 1968). Also models
with a high energy cutoff anywhere above 100 keV in the
power-law tail give satisfactory χ2red.
5. Discussion
5.1. EUV excess
We discussed two inverse Compton processes, which could
explain the power law EUV excess of clusters of galaxies
at the example of the Coma cluster.
The first one is IC scattering of the CMB. This re-
quires a sharp cutoff in the electron distribution above
the relevant energy range of 140–350 MeV, otherwise the
electrons above this range overproduce low frequency ra-
dio emission. In-situ acceleration produces an exponential
cutoff, too soft to hide this electron component. We pro-
pose that the relativistic electrons were accelerated by a
shock wave during a merger event of Coma, up to 2 Gyr
ago. Synchrotron and IC cooling produces a sharp cutoff
in the energy spectrum. In order to allow electrons to be
still within the EUV producing energy range after a cool-
ing time of 2 Gyr, regions of lower than average magnetic
fields are necessary within the ICM, which is a natural
assumption. But the narrow spatial emission profile of the
EUV excess is not explained by this model. Maybe de-
tailed simulation of particle acceleration during a merger
event can show that the resulting accelerated electron pro-
file is indeed as narrow as required.
The second model is IC scattering of starlight photons
by electrons in the energy range of 4–10 MeV. Since the
target photon distribution is peaked at the center of the
cluster, the profile of the scattered photons is narrower
than that of the electrons. In order to establish such an
electron population, which would have a pressure similar
to that of the thermal background gas (but see Appendix
for the possibility of a much lower pressure), confining
magnetic fields have to separate these electrons from the
dense thermal background gas in order to prohibit the
strong Coulomb losses. This may be the case within rem-
nant radio plasma from early epochs of quasar activity,
which did not mix with the gas, and which can form a sec-
ond, nearly invisible, non-thermal component of the ICM.
Future high resolution EUV observations may be able to
resolve the possible enhanced IC emission near the giant
elliptical galaxies in Coma as it would be expected in the
starlight IC model. Since the starlight-IC model does not
require a sharp cutoff above the IC emitting electrons,
IC flux of higher energy than the thermal X-ray emis-
sion could be expected. A high non-thermal pressure in
galaxy clusters was suggested to be a possible explana-
tion of the discrepancy between hydrostatic and lensing
masses of clusters (Loeb & Mao 1994, Miralda-Escude´ &
Babul 1995, Enßlin et al. 1997)
5.2. HEX excess
Both IC processes discussed above lead to unsatisfactory
implications for the ICM, if they were considered as the
explanation of the HEX excess:
IC scattering of CMB photons requires the ICM to
be mainly unmagnetized (B ≪ µG), in order to avoid
an overproduction of synchrotron emission by the scatter-
ing electrons. But in order to be in agreement with cur-
rent measurements of ICM Faraday rotation, regions with
strong field strength (B ≫ µG), but without a significant
population of 3–5 GeV electrons have to be present. This
spatially very different electron content could be due to
spatially differentiated cooling, but only if no intermedi-
ate magnetized regions (B ≈ µG) exist in the ICM, other-
wise the radio emission would be too strong. Further, the
injection of the electrons had to be a few 0.1 Gyr ago, not
more or less, since otherwise the strong field region still
contains radio luminous electrons, or the unmagnetized
regions lost their 3-5 GeV electrons due to IC-cooling.
The starlight IC model for the HEX excess requires
a high electron number density in the energy range of
84-150 MeV, which is too close to the energies necessary
to scatter the CMB photons into the EUV band as that
an overproduction of EUV flux can avoided. Only if the
enhancement factor for starlight-IC introduced in the Ap-
pendix is higher than 20 this discrepancy can be solved,
which seems to be very extreme.
12 Enßlin, Lieu & Biermann: Non-thermal Origin of Excess Emission of the Coma Cluster
We propose a third explanation of the HEX excess,
which is not in conflict with observations at other wave
bands. Due to galactic motions, infall of subclusters, con-
vective movement of the gas, etc., turbulence is present
and therefore in-situ acceleration is expected to drag elec-
trons out of the thermal distribution and to accelerate
them. This might lead to a power-law like high energy tail
of the distribution function above ≈ 50 keV. The HEX
excess is satisfactorily explained by the bremsstrahlung of
these electrons.
6. Conclusion
We conclude, that the EUV excess can be explained ei-
ther with the CMB-IC model, which has the advantage
of a low energy density in the required relativistic elec-
trons, or with starlight-IC, which requires a high energy
density, but explains naturally the observed narrow emis-
sion profile. The latter model would be supported if future
observations with high spatial resolution discover a corre-
lation between the location of luminous galaxies and the
EUV flux. Both models favor a strongly inhomogeneous
magnetized ICM. The electrons of 140–350 MeV required
in the CMB-IC model should have aged after injection
for up to 2 Gyrs within the inhomogeneous fields, in or-
der to be consistent with radio constraints. This favors
as an origin of these electrons shock acceleration during
a past cluster merger. The origin of the 4.4-11 MeV elec-
trons in the starlight-IC model is expected to be the radio
plasma outflow of earlier radio galaxies. The CMB- and
the Starlight-IC model do not exclude each other. There-
fore a combined contribution is possible.
The HEX excess is most likely bremsstrahlung of a
supra-thermal tail above 50 keV of the electron energy
distribution, tracing acceleration and cooling processes of
transrelativistic electrons.
Future observations, which extend the observed spec-
tral range of these non-thermal excess emissions, and im-
prove the spatial resolution, would give further important
insight into the complex trans- and ultra-relativistic pro-
cesses within the ICM, and its inhomogeneous structure.
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Appendix A: Enhanced starlight-IC
The transition between ICM and ISM of individual elliptical
galaxies may be smooth in the sense that a galaxy drags the
local ICM into its potential, and compresses it thereby adia-
batically. This could explain the observed presence of X-ray
peaks located at the positions of cD galaxies of clusters rather
than at the center of the cluster wide X-ray emission (Lazzati
& Chincarini 1998). We model the background gas around a
cluster galaxy by
X(r) =
ne,gal(r)
ne,cl
= 1 +
Xo − 1
1 + r2/r2X
, (A.1)
where ne,cl is the background density of the ICM. Xo, which
we assume in our example to be Xo = 7, is the maximal com-
pression of the ICM density the galaxy achieves in its potential
on a scale of rX . The radius from the center of the galaxy is r.
First, we estimate the change of conventional observables
due to this compression. The temperature increases by a fac-
tor of X2/3(r). The enhancement in X-ray emission is X7/3(r),
since LX ∼ n
2
e T
1/2. Averaging this over a typical volume a
galaxy occupies within the cluster, which we tentatively as-
sume to be a sphere with radius 10 rX , one gets an increased
emissivity by a factor of 1.5 over the same volume filled by
background gas. An estimate of the background gas proper-
ties, assuming a homogeneous medium and using the observed
X-ray data, should result in a (emission weighted) gas density
and temperature of 1.16ne,cl and 1.21 Tcl, only moderately dif-
ferent from the background values ne,cl, Tcl.
The population of relativistic particles is also adiabatically
compressed. Pressure equilibrium between the thermal gas and
relativistic electrons gives a compression factor of Y = X5/4,
due to the ratio of adiabatic index of thermal gas and rela-
tivistic electrons (and also magnetic fields) of 5
3
/ 4
3
. An elec-
tron increases its momentum during compression by a fac-
tor Y 1/3, so that a power law distribution with differential
number index αe gets an increased normalization by a factor
Y (2+αe)/3 = X5(2+αe)/12. The volume averaged intensity of
IC scattering of a homogeneous photon population around our
model galaxy would be 1.34 times the background value, for
αe = 2.5. But for photons emitted in the center, which have
an r−2 density profile, and are therefore most abundant at the
location of highest electron densities, the volume averaged IC
scattering for the compressed relativistic electrons is 4.8 times
the value the same photon density profile would produce with
a homogeneous electron profile.
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